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ADAPTIVE REPTILE COLOR VARIATION AND THE EVOLUTION OF THE MC1R GENE
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Abstract.—The wealth of information on the genetics of pigmentation and the clear fitness consequences of many
pigmentation phenotypes provide an opportunity to study the molecular basis of an ecologically important trait. The
melanocortin-1 receptor (Mclr) is responsible for intraspecific color variation in mammals and birds. Here, we study
the molecular evolution of Mclr and investigate its role in adaptive intraspecific color differences in reptiles. We
sequenced the complete Mclr locus in seven phylogenetically diverse squamate species with melanic or blanched
forms associated with different colored substrates or thermal environments. We found that patterns of amino acid
substitution across different regions of the receptor are similar to the patterns seen in mammal's, suggesting comparable
levels of constraint and probably a conserved function for Mclr in mammals and reptiles. We also found high levels
of silent-site heterozygosity in all species, consistent with a high mutation rate or large long-term effective population
size. Mclr polymorphisms were strongly associated with color differences in Holbrookia maculata and Aspidoscelis
inornata. In A. inornata, several observations suggest that Mclr mutations may contribute to differences in color: (1)
astrong association is observed between one Mclr amino acid substitution and dorsal color; (2) no significant population
structure was detected among individuals from these populations at the mitochondrial ND4 gene; (3) the distribution
of allele frequencies at Mclr deviates from neutral expectations; and (4) patterns of linkage disequilibrium at Mc1r
are consistent with recent selection. This study provides comparative data on a nuclear gene in reptiles and highlights
the utility of a candidate-gene approach for understanding the evolution of genes involved in vertebrate adaptation.
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Although squamate color has been studied in detail from
ecological, physiological and systematic perspectives, little
is known about the molecular basis of color evolution in this
group. Reptile coloration has long been studied as an example
of adaptive evolution (Cott 1940; Norris and Lowe 1964).
Geographic variation in dorsal color is common in reptiles,
and selective pressures can often be inferred. In some cases,
color variation coincides with substrates of different color,
while in other cases, color variation seems to be associated
with different thermal environments. Overall body coloration
isunder strong natural selection in squamates because diurnal
reptiles experience intense selection for substrate matching
to diminish vulnerability to visual predators (Norris 1965;
Kettlewell 1973). Color variation is also known to influence
temperature regulation in a variety of ectotherms (Majerus
1998; Bittner et al. 2002). Advances in understanding the
genetic basis of pigmentation in other vertebrate taxa provide
an opportunity to investigate the genetic basis of color var-
iation in reptiles.

A large number of genes involved in mammalian pigmen-
tation have been isolated, and their functions have been well
characterized (Bennett and Lamoreux 2003). One gene that
has received much recent attention encodes the melanocortin-
1 receptor (Mclr). This G-protein coupled receptor is a key
switch in a signal transduction pathway in melanocytes, the
melanin-producing cells (Barsh 1996). In mammalsand birds,
with increased Mclr activity production of eumelanin (dark,
brown/black pigment) is enhanced; while decreased Mclr
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activity resultsin the production of phaeomelanin (light, yel-
low/red pigment) (Robbins et al. 1993; Takeuchi et al.
1996a). Different mutations at Mclr cause either light or dark
phenotypes in several laboratory and domestic animals (e.g.,
mouse, Barsh 1996; dog, Newton et al. 2000; pig, Kijas et
al. 1998; horse, Marklund et al. 1996; fox, Vage et al. 1997;
chicken, Takeuchi et al. 1996b). In all experimentally verified
cases, dominant mutations are associated with again of Mclr
function and result in dark color, while recessive mutations
are associated with a reduction or loss of Mclr function and
result in light color. Mclr has also been studied in natural
populations and has been implicated in intraspecific color
variation in both birds and mammals (e.g., bananaquit, Ther-
on et al. 2001; lesser snow goose and arctic skua, Mundy et
al. 2004; jaguar and jaguarundi, Eizirik et al. 2003; black
bear, Ritland et al. 2001; pocket mouse, Nachman et al. 2003).
In most of these examples, the different color morphs do not
correspond with obvious differences in the environment, and
thus the link to fitness is unclear. However, in pocket mice,
melanic Mclr mutants are found on dark lava fields while
light animals are found on corresponding light-colored rocks,
presumably as an adaptation for crypsis. Several other studies
have failed to find an association between Mclr genotype
and intraspecific color variation (Kerns et al. 2003; Mac-
Dougall-Shackleton et al. 2003; Mundy and Kelly 2003).
Because approaches that require detailed genomic knowledge
or large-scal e breeding experiments are not currently feasible
with squamates, candidate-gene studies provide a useful way
to investigate the molecular basis of reptile color variation.

Although reptile pigment cell morphology differsfrom that
of mammals and birds, the function of melanin is remarkably
conserved. Reptiles have three important cell layers for pig-
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ment production. The layer closest to the epidermis consists
of pigment-containing xanthophore cells that generate yellow
or orange colors. The middle layer consists of iridophorecells
that produce structural colorsthrough the reflective properties
of the cells. Finally, the deepest pigment cell layer produces
melanin, and the overall darkness of the body is largely a
conseguence of the amount of melanin deposited by these
melanophores (Bagnara and Hadley 1973; Morrison et al.
1995). Unlike mammals and birds, reptile melanophores are
known only to produce eumelanin (Bagnara and Hadley
1973), so Mclr activity might simply affect the amount of
melanin produced (rather than switching between the two
types of melanin). In spite of these differences, changes in
the production and dispersion of melanin granules are ulti-
mately responsible for changes in the dorsal color of reptiles
(Hadley 1997).

In North America, there are a number of particularly strik-
ing cases of reptile color variation for which Mc1r is aprom-
ising candidate gene. A subset of populations in these taxa
exhibits dramatic changes in the darkness of the dorsal por-
tion of the body (Fig. 1). Seven species from four families
(Anniellidae, Colubridae, Phrynosomatidae, and Teiidae)
were chosen for this study to sample various phylogenetic
levels and to represent diverse selective pressures (Table 1).
In all cases, there is a geographically widespread wild-type
phenotype and a geographically restricted variant phenotype
(Fig. 1). The variant phenotypes are thought to be derived
because other conspecific and congeneric populations exhibit
wild-type color morphology. In some species, the derived
phenotype is darker than the wild type and is referred to as
a ‘‘melanic’’ form. In other species, the derived phenotype
islighter than thewild typeandisreferredtoasa‘‘ blanched’”’
form. In five species the different color morphs are associated
with different-colored substrates, while in two species the
different color morphs are thought to be associated with dif-
ferent thermal environments. Phrynosoma platyrhinos (desert
horned lizard) and Uta stansburiana (common side-blotched
lizard) have melanic forms on dark substrates at the Pisgah
Lava flow in southern California (Norris and Lowe 1964).
Aspidoscelisinornata (little striped whiptail, see Dixon 1967;
formerly Cnemidophorus inornatus, Reeder et al. 2002), Hol-
brookia maculata (common lesser earless lizard, see Smith
1943), and Sceloporus undulatus (eastern fence lizard; see
Lowe and Norris 1956) have blanched forms on the light-
colored substrates of White Sands National Monument in
southern New Mexico. Sceloporus undulatus also has melanic
populations on the dark rocks at the Carrizozo Lava Flow in
southern New Mexico (Lewis 1949). Substrate matching in
these species is generally considered to be an adaptation for
crypsis. Anniella pulchra (California legless lizard) has me-
lanic populations along coastal California(Pearse and Pogson
2000). Thamnophis sirtalis (common gartersnake) has me-
lanic populations on islands in Lake Erie (Lawson and King
1996) in which melanism appears to be controlled by asingle
recessive gene (King 2003). Melanism in A. pulchra and T.
sirtalis is hypothesized to be a thermoregulatory adaptation
to cool environments (Bittner et al. 2002).

Here, we evaluate patterns of Mclr variation at three hi-
erarchical levels. First, we compare interspecific patterns of
Mc1r nucleotide evolution among reptiles to those previously

1795

documented among mammals. We evaluate whether patterns
of constraint are consistent with Mclr having a similar func-
tion in reptiles and in mammals. Second, we document pat-
terns of variation within squamate species and present some
of the first estimates of autosomal nucleotide diversity in
reptiles. These patterns of variation provide a framework in
which to interpret association studies. Finally, we compare
intraspecific variation at Mclr with color variation in each
of seven species as afirst step toward identifying the genetic
basis of color variation in natural populations of squamates.

MATERIALS AND METHODS
Sampling

A total of 130 individuals representing seven species were
sampled (Table 1). For each taxon, two individuals were
initially sampled from each color morph. For the three taxa
in which an association was observed between Mc1r genotype
and color phenotype (A. inornata, H. maculata, and S. un-
dulatus, see Results), sample size was increased to 10 or more
individuals per color morph (Table 1). Association studies
(linkage disequilibrium mapping) can identify genes under-
lying a particular trait through nonrandom associations of
genotypes and phenotypes. Population structure can con-
found this approach by creating spurious associations be-
tween phenotypes and causally unrelated genotypes. To min-
imize the confounding effect of population structure, samples
were obtained for wild-type and derived populations in as
close geographic proximity as possible. The average distance
between color morphs in this study was approximately 70
km. Collecting localities are given in Table 1; alist of spec-
imens is provided in Appendices 1 and 2 (see Appendices
1-4, available online at http://dx.doi.org/10.1554/03-741.1.
sl).

Isolation of Reptile Mclr

Whole genomic DNA was extracted from frozen tissue or
blood with Qiagen (Valencia, CA) extraction kits. Primers
were initially developed to amplify a portion of the reptile
Mclr gene by identifying conserved regions in several taxa
for which Mclr sequence has been reported (Gallus gallus,
Genbank AY220305; Tangara cucullata, AF362606; Homo
sapiens, AF514787; Mus musculus, NM_008559; Chaetodipus
intermedius, AY 259033; Bos taurus, AF445641; Canis fam-
iliaris, AF064455; Takifugu poecilonotus AB073678). These
initial primers and the corresponding positions in the Mc1r
sequence of Mus (NM_008559) were: F1: 5'-TGG GGC TGG
TGA GCY TGG TG-3' (site 137-156 Mus), F2: 5'-TACTAC
TTC ATC TGC TGC CTG GC-3' (site 214-236 Mus), R1:
5'-CCC AGS AGG ATG GTG AGG GTG-3' (site 737-715
Mus), R2: 5'-AAG GCR TAG ATG AGG GGG TC-3' (site
893-874 Mus). Mclr consists of a single exon (954 bp of
coding region in Mus). An internal portion of the gene (~600
bp) was amplified, sequenced, and used to develop nested,
species-specific genome walking primers. Using a Universal
Genome Walker Kit (Clonetech, Palo Alto, CA), libraries
were created by digesting genomic DNA with restriction en-
zymes EcoRV, Dral, Pvull, and Stul. Genome walking adap-
tors were then ligated onto the digested fragments. Using a
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Fic. 1. Map of collecting localities and photographs comparing wild-type and derived color morphs of seven squamate species. Gray,
black, and white circles represent collecting localities of wild-type, melanic, and blanched forms, respectively. Species collected at each
locality are identified by genus and species initials.
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TaBLE 1. Taxasurveyed and sampling design. Numbers of individuals sampled for each color morph are presented for seven squamate
species. Collection locality abbreviations used: JLTER, Jornada Long-Term Ecological Research Station; WSNM, White Sands National
Monument; WSMR, White Sands Missile Range. Sample names are assigned based on genus and species initials, followed by “W’’ for
wild type, ““M”" for melanic, or ““B’’ for blanched, and a sequential numeral.

Distance
Color morph Collection Sample between
Species (no. sampled) locality names morphs (km)
Anniella pulchra wild type (2) Monterey and Kern Cos., CA ApW1, Apw2 160
California legless lizard  melanic (2) Spanish Bay, Monterey Co., CA ApM1, ApM2
Thamnophis sirtalis wild type (2)  Chaffey’s Lock, Ontario, Canada TsW1, Tsw2 600
Common gartersnake melanic (2) Pelee Island, Ontario, Canada TsM1, TsM2
Phrynosoma platyrhinos wild type (2)  Barstow and Kelso Dunes, San Bernardino Co., CA PpW1, PpW2 60
Desert horned lizard melanic (2) Pisgah Lava Flow, San Bernardino Co., CA PpM1, PpM2
Uta stansburiana wild type (2)  Adjacent to Pisgah Lava Flow, San Bernardino Co.,, CA  UsW1, Usw2 5
Side-blotched lizard melanic (2) Pisgah Lava Flow, San Bernardino Co., CA UsM1, UsM2
Sceloporus undulatus wild type (15) JLTER and WSMR, Dona Ana and Otero Cos., NM Suw1-Suw1s 30
Eastern fence lizard blanched (11) WSNM and WSMR, Otero Co., NM SuB1-SuB11
melanic (10) WSMR, Otero and Lincoln Cos., NM SuM1-SuM 10
Holbrookia maculata wild type (15) JLTER and WSMR, Dona Ana and Otero Cos., NM HMW1-Hmw15 80
Lesser earless lizard blanched (23) WSNM and WSMR, Otero Co., NM HmB1-HMB23
Aspidoscelis inornata wild type (15) JLTER and WSMR, Dona Ana and Otero Cos., NM AiIW1-AiW15 60
Little striped whiptail blanched (24) WSNM and WSMR, Otero Co., NM AiB1-AiB24

nested polymerase chain reaction (PCR) protocol with gene-
specific primers devel oped for each species and adaptor prim-
ers provided by Clontech, regions up- and downstream of
Mclr were amplified. Appropriate size fragments were se-
guenced for each of the seven target species to obtain se-
guence from the entire coding region and some flanking re-
gions.

Species-specific PCR primers were then developed in re-
gions adjacent to Mclr to amplify the entire coding region
of the gene (online Appendix 3). Diploid PCR products were
sequenced in both directions on an ABI1377 or ABI3100 (Ap-
plied Biosystems, Foster City, CA) with species-specific se-
guencing primers in addition to PCR primers. Internal prim-
ers universal to all reptiles surveyed were also used for se-
quencing. Sequences were edited and aligned in Sequencher
(Gene Codes Co., Ann Arbor, MI). Nucleotide and amino
acid polymorphisms were viewed in MEGA (Kumar et al.
2001). We sequenced diploid PCR products directly and did
not attempt to resolve haplotype phase experimentally. Het-
erozygous sites were identified by visual inspection of chro-
matograms and confirmed by sequence from both DNA
strands. All Mclr sequences are deposited in GenBank (ac-
cession numbers AY586032-AY 586157 and AY586159—
AY586162).

Interspecific Molecular Evolution

To investigate patterns of molecular evolution, Mclr se-
quences representing one wild-type individual per species
were aligned with published Mc1r sequences from other ver-
tebrate species. Other speciesincluded two avian taxa (chick-
en, G. gallus; tanager, T. cucullata), five mammals (human,
H. sapiens; house mouse, Mus domesticus, rock pocket
mouse, C. inter medius; domestic cow, B. taurus; and domestic
dog, C. familiaris), and one fish (pufferfish, T. poecilonotus).

All alignments were performed using CLUSTAL V (Higgins
1994), and the nucleotide alignment was adjusted based on
the amino acid alignment. A tree of the 15 vertebrate species
was constructed from Mclr sequences using PAUP* 4.02
(Swofford 1999). Hierarchical likelihood-ratio tests imple-
mented in Modeltest 3.06 (Posada and Crandall 1998) were
used to determine the best-fit model of nucleotide substitu-
tion, GTR+ I' + i. Parsimony, neighbor-joining, and max-
imum likelihood algorithms all produced the same topology.
Bootstrap analyses were conducted to determine confidence
in the branching structure.

To compare rates of molecular evolution between mam-
mals (N = 5) and reptiles (N = 7), we quantified nucleotide
variation across the entire gene and in different functional
compartments of the gene using DnaSP (Rozas and Rozas
1999). In these analyses, we created one sequence per in-
dividual by randomly choosing one base at each heterozygous
site, when present. Nucleotide differences were also calcu-
lated across the entire Mclr gene using a sliding window
with a 50-bp window size and 20-bp interval. To compare
rates of nonsynonymous and synonymous evolution, K,/Kg
ratios (Nei and Gojobori 1986) were estimated between pairs
of species with PAML (Yang 1997).

Intraspecific Patterns of Variation

For each taxon we investigated the level and pattern of
Mclr variation within species. Numbers and frequencies of
all polymorphisms were counted. Haplotype phase was in-
ferred computationally using the HAP program (Eskin et al.
2003). Two measures of nucleotide variability, = (Nei and
Li 1979) and 6 (Watterson 1975), were calcul ated. Nucleotide
diversity, m, is based on the average number of nucleotide
differences between two sequences randomly drawn from a
sample, and 6 is based on the proportion of segregating sites
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in a sample. Under neutral, equilibrium conditions, both =
and 6 estimate the parameter 4N for autosomal loci, where
N, is the effective population size and . is the neutral mu-
tation rate. Departures from a neutral, equilibrium frequency
distribution of polymorphismswere evaluated using Tajima’'s
D (Tajima1989), which is based on the normalized difference
between w and 6. At equilibrium with respect to mutation
and drift, the expectation for Tajima’'s D is zero; deviations
from this expectation may be due to selection, demographic
influences, or both. , 6 and Tajima’ s D were cal culated using
DnaSP.

For the three species with large sample sizes (S. undulatus,
H. maculata, and A. inornata) several other analyses were
performed. The neutral expectation of equal ratios of syn-
onymous to nonsynonymous changes within and between
species (McDonald and Kreitman 1991) was tested using
Fisher's exact tests (Fisher 1934). Ratios of polymorphism
within species to divergence between species were also com-
pared with expectations under a neutral model using the HKA
test (Hudson et al. 1987). In this test, Mclr sequences were
compared to sequences from the mitochondrial ND4 gene (A.
pulchra, AY620747; A. inornata, AY620816; H. maculata,
AY620749; S. undulatus, AY 620748). Primers used to am-
plify and sequence ND4 and associated tRNAs were ND4:
5'-CAC CTA TGA CTA CCA AAA GCT CAT GTA GAA
GC-3' and LEU: 5'-CAT TAC TTT TAC TTG GAT TTG
CAC CA-3' (Arevalo et al. 1994). Significance of HKA tests
were evaluated by coalescent simulation. The McDonald-
Kreitman test is based on fixed differences between species
and the HKA test is based on a single randomly chosen allele
from each species (Hudson et al. 1987; McDonald and Kreit-
man 1991). For these tests, each species was compared to
the closest taxon for which Mclr data were available (see
Results for details). Using DnaSP, haplotypes were al so used
to estimate the population recombination parameter, C =
4Ngc, where c is the recombination rate per nucleotide (Hud-
son et al. 1987).

Association Studies

We first amplified and sequenced Mclr from two individ-
uals (four alleles) of each color morph in each species to
look for associations between genotype and color phenotype.
In the four species in which no association was seen among
these eight alleles, we did not sequence additional alleles. In
the three species in which an association was seen (S. un-
dulatus, H. maculata, and A. inornata), we sequenced Mclr
from a minimum of 10 additional individuals of each color
morph (Table 1). Associations between single nucleotide
polymorphisms and color were tested in 2 X 2 contingency
tables using Fisher’s exact tests.

Because population structure can lead to spurious asso-
ciations, we estimated the degree of population structure by
calculating Fsr (Wright 1951) for the two species showing
a strong association between Mclr and color. This was done
for both Mclr and for approximately 750 bp of the mito-
chondrial ND4 gene in H. maculata and A. inornata. To test
for obvious departures from neutrality in the mitochondrial
DNA (mtDNA) dataset, Tajima's D was calculated for each
color morph. We then compared Fsr for Mclr and ND4. All
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Fst estimates were bootstrapped with 1000 permutations to
obtain confidence intervals using Arlequin (Schneider et al.
2000). Although the individuals sampled were not the same
for Mclr and ND4, samples were adjusted so that similar
numbers of individuals from the same collecting localities
were used in the analysis. Mitochondrial sequences used for
Fsr calculations are deposited in GenBank (AY620749—
AY 620816). The comparison between Mclr and mtDNA pro-
vides a conservative test for population structure because
mMtDNA has an effective population size one-quarter that of
autosomal genes and is therefore expected to show greater
differentiation than Mclr among populations under neutral
conditions. For A. inornata, tests of linkage disequilibrium
were conducted in DnaSP, and statistical significance was
evaluated using a chi-square test with correctionsfor multiple
comparisons.

ResuLTs
Inter specific Molecular Evolution

The amino acid alignment of Mclr from the seven squa-
mate species and eight other vertebrates is shown in Figure
2. The nucleotide sequence alignment for the seven reptiles
is provided in online Appendix 4. The length of Mc1r differs
among these species; in the phrynosomatid lizards H. ma-
culata, P. platyrhinos, S. undulatus, and U. stansburiana,
Mc1r is 948 bp, while in T. sirtalis and A. inornata Mclr is
945 bp. In A. pulchra, the first extracellular region of the
gene is highly divergent from the other species and has two
start codons that are in frame. However, an intervening stop
codon suggests that only one start codon is functional, re-
sulting in a gene length of 921 bp.

A neighbor-joining tree for 15 vertebrate Mclr sequences
is shown in Figure 2. The pufferfish Mclr sequence was used
to root this tree. The topology of the tree is consistent with
the well-established phylogeny of vertebrate classes. mam-
mals are the sister group to the clade birds + squamates, and
birds are the sister group to the squamates, which are mono-
phyletic. Lower-level relationships revealed by Mclr are also
generally consistent with other phylogenies of these taxa,
although there are some minor differences (e.g., Estes and
Pregill 1998; Murphy et al. 2001). Bootstrap analyses showed
strong support (> 95%) for Reptilia, Aves, and Mammalia
and for a monophyletic clade of all sand lizards (Holbrookia,
Phrynosoma, Sceloporus, and Uta).

Table 2 summarizes rates of evolution for different regions
of Mclr in both mammals and squamates. The extracellular
regions of the Mclr-encoded receptor areimportant for ligand
binding and regulation of Mclr activity, the hydrophobic
transmembrane domains maintain the structural integrity of
the protein, and the intracellular regions are important for G-
protein signal transduction. Rates of nonsynonymous evo-
lution (K4) in squamates differ by more than five-fold in
comparisons among different regions of the receptor: thefirst
extracellular region evolves most quickly, followed by all
other extracellular regions, all transmembrane regions, and
finally al intracellular regions. In contrast, rates of synon-
ymous substitution (Kg) vary by less than two-fold among
these different regions of the receptor, suggesting only small
differences (if any) in the underlying mutation rate. Thus,



1799

REPTILE COLOR VARIATION AND MCI1R

0} [euoluodold afe syibus| youe.ig

*(]) snrejnpun sniodopas ‘(+) ereuloul sijeosopidsy ‘(1) erendew epoo.IqoH :Selads
Buimo||0} BUl Ul UOITeIfeA JOJ0D UlIM UOITRID0SSE Ue S| aJayl YdIym e senpisal ploe oujwe a1edipul S|oquAS 'sufewop auelquiswsuel] Juasaldal Seate papeys 'suopod dois
Juasaldal sysleIse pue ‘sdeb jussaldal saysep ‘snsuasuod ay) 01 A1juspi Jussaldal SJ0g 'SpPIdJe oulwe 10} SuolRIASIgae Je1d| a|buls Yyiim doy uo paisi| S1 @2uanbas snsuasu0d
8yl sweu dliBuab Ag uwin|od 18| 8yl Ul pailuap! S| sa10ads a|dal UaAss pue ‘piig OM] ‘[ewlew aAl ‘USl 8UO JO Yydea wol) enpialpul suQ abueyd asuenbss Jo junowe

CROATIO * DT * M " © ¢+ [f 8 e g o e e e e e g N TRt AT e N T HIAYN-9d WY M T AT
PR SRR TR e Tyt CINM A DMt CUTAT TRttt tICctctccyrccTHAD HATH M HIOV WO CH M TCCA"C

FEEERT SR W e ettt QAT CNMUTSTCCCOCCTATCTTTCttccct ceeeeyge s o0 gD WT WY CHTOV O0A" *D°¥I" * Y

FEEEY 7 SRR e TTHC WAt CCNMTICOCCCCHCCTACTTLCCttccct ceeeepcceTOID HAQY M CHTEY 90" "D Y T A"
PRI o R S cTTCtcttc I At NO'A'OD IO TAN'S Tttt ceeeeyge s cTOID HACH M CWTEY D"t CACC

DT DMt ttttertCCTTtCIYttcccYrdlCNMTITOCC . s eNWCCCTOAD HIAW M CTHYCOC DU T A
WLttt tttettttettemesTeesccceccgececacgens o ceeeepc e T OOUHYIAAY (O CSHT'H' 'ttt
g Y R DI oo <t pc T SIMATIAY 'O S AdHD Tttt
T B R T ait R EERT) G AT Rt Gl G
P SRR N B O G . SRSISRRRE . . I LR SRR I R
T SRR . « [N cesesepreeeg .o . = CRCWRC M Tt CtCCCHU'Gtttcer
wOd ceeee .. NN ceeeeepreeeege R P SRR SRR BRI
M CF SRR o oo e . SN Y CEE RPN O . . . . . . . . . N R
PR O CEREE R ceeeeiprreegen B R SIS g
R SRR RRRRY SRR GRS
6T€ MSOTAAENTINITIOSYAVAIIdAAASNIIITITAINAXSAXDLOLAHIADITITITHTIAAOMOATAADTTIITLIVONKS LAOdSS-OMMONSS THIVHOUYTVANHIAT

IIA-RNL IA-RNL

SY A" "IA'WLI" "I L°"ES°A’°°"AD" "ILDOL°ISS'ATIS TUAT * B S SMTTL dIV "L SN S
AT CYCTIET LTt ctCtCCHNA'CA''C'CSICCAIC UMd" .>. Ceeeegrt gttt ATH AT Tt AIATIVC Y Y TATITL CTCICCCcC
IV W W Lttt CCUHMATL 'ttt IAWID AV Y- ‘A" STttt DttCAWTDCCATIT T CTYA'Y' CIATCCIIL T I 'KH
AT ttCUtCUUCUCUAHTATCTTCCCCATATCATIYAY'YHC ‘A" Ceeegge e ene e et ITACTC T CTAYC Y YW CTAYC ST D
CCATCWATCSTCCtCCCUSSHNATCC'C ' TATA'I'S® < ne ‘A" Ceee g ent e AReg et ACTTIQT AV OVYCYCYCACC CAYC ST L
Nt Wt CWICTOCC CC C TAMHNALC ST LTI CA I W ° M°°d’ AA° .....4 cenee ATt T CAYCOIYt W TICdCAY Tt
St tACCAtt DIt IN'MA'CTA'CC L'°"‘'SYRIA® " e + Slateie R ek ) btae LTS CHMTICGTHTCC Tttt CTWWICCI'CC
St At Et DT T NNYA'L TA ' L "'t SYRIA® """ . « loherelietetel o aliete et HECTC Tt CTOMYTC
STttt UCUCATCCATCTCCCUTLCCCtWIIVC . . sialeiee R LLEF s i R Al e SR
RS PRy R RN T & oo . chm e R o L NG LR R, SRR
9°A R P O R SR o ohelniy ceeseqrADYC "WATEIA" cgrereeee
YT A B T e e I R = R AT - R R R
¥ICCA B T R T R S = RS T DR R R
By U R R PRI TS S RS TR SRy O SRR CEEEEERTES SRRy TR R RS R R R
e P R R E R S e R RS * LR Y- DY« RGOS,

L0z
A-NL

B eyteT" "
epeeres
-

Y
-y

T*

T

DI R I I A A R

L8
II-WL

$ 4 AI-WL III-WL
SSTCCIICCLC AT LS TWOEADOL'SSMEE ' dIAIEIIOSD* SAAOA°HA ALYN” nbnyryer
terccteccgreinqrgUHT MA-'9"0 YSTITHIADIN'S A4 1" 'O IONI" sndrpo3aeyd
secceecgrtengttgUAT MA-HESO TYIOTHS--I¥NS® ' *I° SO HOLS” sn
seccceegtHQgSUHTCMY-'D0 YYIDTOIIVIA S " T° 10890 Y” ouloH
CATCCCCSTttDT S WITMJ-'9D 0 VYTEIHAIY'S'O" T 0 90MA” sTuED
BN - T 5d— 5 aYILA° CI¥ d D T° +DSOTYd" som
Teccccoyttttgt @I’ CMO-'OOYOALYNSHN--OFES " CSdTI T CYIYS” erebUP]
Tecccccccessct QD" MY- " DOVOVIYNSON--OFES " CMATI T YIRS snrres
AW CCCCCSTCU0THESYCAST UM --YIdOI°D dAQTIATA" TYEA” stydouureyg
Ce ATt CTCSC DAL d W CECA-AdTOAL d A AN ASOHA" sTT90s0pTdSY
B - - 1D cuc CVU-IATAL'Cd d K erTOTULY
N - - " -~ 3 ccccceccerrtepeteqrgLeterte 5
.o_H.N..Hm..-- -.BD_H_...N.-Vm---.....H_m-...-..mmgu...... mS.NOQ.ON.mom
S g e - D L T N
-_H.Noﬂﬁmoo-occ-...-BQ-...W...-.....H--4-...-..m9--..-- MEOWOE.\”..N.HN&‘

I-NL

WASAYTIOOIAXANA SHINYNMAIVYAATINIATSATOTITATANG IAAGODLS O~ ~LENLAN-TIdTASITLYNTSOdTIITd SAALN

ARRTITRSTIIAATOTIAYISA-AVIATISSASSYIMAVAI TMAVIOTINI SHAYTYAL ILIAMAAYIADTASTSSHISSOITNANANARODALS YIAATADHAI TTNAALEAANSASA'T

"Jaulod 19]-Jaddn ay) ul UMOYS SI UO11ONAISU0JR. J11BUBbo|Ayd Bululol-logybeu v 'SeTeIgalIdA 10} Juswubife pIoe oulwe ITON “Z 'Ol

nbnyryer
sndrpojzeeyd
snw

ouroy

sTue)

sog

prebUPR]
snrred
stydouweyy,
sTro0soprdsy
erIoTuuy
eln
snzodoTeo8
BTYOOIQTOH
rwosoulIyg

nbnyryes
sndrpojery)
snp

Ouroy

sTue)

sog

pIRbUBT
SnrTEd
stydouwey,r
SsTT90s0pTdSyY
erTOTUUY
ean
snzodoT8os
BTYOOIQTOH
pwosoulzyg




1800 ERICA BREE ROSENBLUM ET AL.

TaBLE 2. Nonsynonymous substitutions (K ), synonymous substitutions (Ks), and the ratio of nonsynonymous/synonymous substitutions
(Ka/Kg) for different Mclr protein regions for reptiles and mammals. K,/Kg estimates are presented for the complete Mclr gene and
then for regions corresponding to different functional compartments: the first extracellular region, all other extracellular regions combined,

all transmembrane regions, and finally all intracellular regions. Gene regions are presented in order of decreasing K,/Ks.

Length Reptile Mammal Reptile Mammal Reptile Mammal

Gene region (bp) Ka Ka Kg Kg Ka/Ksg Ka/Kg

Entire gene 984 0.104 0.123 0.495 0.601 0.210 0.205
First extracellular region 120 0.375 0.282 0.729 0.713 0.514 0.396
All other extracellular regions 105 0.223 0.142 0.539 0.649 0.414 0.219
All transmembrane regions 513 0.059 0.106 0.436 0.540 0.135 0.196
All intracellular regions 174 0.054 0.075 0.542 0.728 0.100 0.103

differences in the rates of protein evolution probably reflect
differences in the level of constraint, as can be seen in the
Ka/Kgvalues (Table 2). The overall level of constraint across
the entire Mclr geneis nearly identical in reptiles (Ka/Kg =
0.210) and mammals (Ka/Kg = 0.205) and is close to the
average value for many genes in mammals (average K /Kg
= 0.20, Li 1997). The rank order of K,/Kg for the four
different regions of the receptor (Table 2) is also the same
in reptiles and mammals. Finally, in both groups, length var-
iation is only seen in the first extracellular region, which also
shows the highest K o/K g value. Sliding window analyses also
reveal similaritiesin rates of protein evolution between mam-
mals and reptiles across the Mclr coding region (Fig. 3).

We looked for evidence of selection in interspecific com-
parisons by calculating Mclr K,/Kg ratios for each species
pair separately. No K o/Kgratio is greater than one, indicating
that no strong positive selection is detected in any of the
mammalian or reptilian lineages. However, this approach is
limited to finding extremely strong selection because K /K g
values are averaged across the gene.

Intraspecific Patterns of Variation

Levels of nucleotide polymorphism at Mclr are summa-
rized in Table 3 for each reptile species and for each color

morph within each species, both for the entire gene and for
synonymous and nonsynonymous sites separately. The av-
erage level of nucleotide diversity across all seven species
is 0.287%; the lowest value is seen in U. stansburiana (m =
0.124%), and the highest value is seen in T. sirtalis (7w =
0.423%). The average level of nucleotide diversity for syn-
onymous sites for the seven reptile species in Table 3 is
0.99%, roughly 10 times larger than the average value seen
in humans or in house mice (Li and Sadler 1991; Nachman
1997). Because population structure can lead to high levels
of nucleotide diversity, we estimated « for synonymous sites
in each color morph separately; in most cases, animals rep-
resenting each color morph were sampled within close prox-
imity of each other. The average value of m by color morph
is0.83%, which is still substantially larger than seen in mam-
mals. If mutation rates are approximately similar in reptiles
and in mammals, this suggests a larger long-term effective
population size for the reptiles studied here compared to hu-
mans and mice. For example, if we assume p. = 2 X 108
(Nachman and Crowell 2000), then N, = w/4un = 0.0083/(8
X 10-8) = 105. To further explore the idea that N, is large,
we estimated the population recombination parameter, C =
4Ngc, for each color morph of S, undulatus, H. maculata, and
A. inornata, the three species for which we have large samples

<

X 0.35

2

O 0.30- —REPTILES — MAMMALS

=

juo

= 025

|._

8 -

B 020

%)

B o015

(@)

E 0.10

z

(@)

Z 0.05 -

>

D)

Z 0.00 .

O o o o o o o o o o

zZ =} (=] o [=] = =} o o o
Al N [sp] < Te) © N~ o »

WINDOW MIDPOINT LOCATION (bp)

Fic. 3. Evolutionary constraint across Mclr in reptiles and mammals. Sliding window comparison of nonsynonymous substitution rate

(K ) for mammals and reptiles across all regions of the Mclr gene.



1801

REPTILE COLOR VARIATION AND MCI1R

LTCLYV 00— 00000 20000 S6200°0 S6000°0 9€000°0 102000 9/000°0 14 31% paydue|g
12,690 oT< 000000 0€e000 080000 000000 8¢100°0 0T00°0 € 0e adA1 pim
x/8V8L'T LETO0 820000 992000 98000°0 T,000°0 6E700°0 09T00°0 14 8L S76 eleuloul s1osopidsy
¢/899'0— €000 20000 018000 912000 ¢1000°0 659000 G9T00°0 6 1% paydue|g
LETEE0— G8¢0°0 S0TO00 EVET00 66€00°0 090000 TCETO0 09€00°0 ST o€ adA1 plim
90TSE0— 76000 G8000°0 ¢c¢L10°0 €/.¥00°0 680000 L/¥T0°0 617000 f44 9L 816 ele|ndew epoo.iqoH
299880 S9T10°0 ¢ST00°0 00TTO0 9/€00°0 G9T00°0 657100 0.¥00°0 €T [44 paydue|g
9€98T'T oT< 000000 0€900°0 671000 000000 6€800°0 86T00°0 S 0c Jluee N
8G9EV'0— 120’0 072000 /LZTT0°0 9¢v00°0 TTT00°0 ¥1Z10°0 T.€00°0 o1 o€ adA1 pjim
90¢0¢'0 L1v0°0 ¢/.100°0 SOTTO0 26€00°0 ¢1100°0 OT¥10°0 817000 8T cL 816 sn1e|npun snJodo s
000000 000000 000000 000000 000000 000000 000000 0 14 Jluee N
T0S90°0— 90000 9T/.00°0 0€200°0 £6000°0 /59000 622000 14 14 adA1 pim
¢.6¢0'T— 750000 £20S00°0 €9T00°0 090000 62€00°0 ¥ZT00°0 14 8 816 euelLIngsuels ein
662€9'T 000000 Z¥2c00°0 85000°0 000000 S6200°0 0,000°0 T 14 Jluee N
LS0VS'T 90000 G9600°0 882000 0,000°0 08TT00 €€00°0 ] 174 adA1 plian
1EV0S°0 000000 GG800°0 02000 000000 0S600°0 922000 S 8 816 souly.Are|d ewosouhiyd
¢68€0°0 /0000 6T¥T0°0 0100°0 0,000°0 Srv10°0 90%700°0 L 14 Jluee N
815680 000000 €G9T0°0 01700°0 000000 S08T00 T¥¥00°0 L 14 adA1 plim
/8€8T0 750000 705100 80%700°0 GE000°0 G2910°0 €¢r00°0 0T 8 Sv6 sifens siydouurey L
1€CT9°0— 000000 172000 65000°0 000000 €¢¢000 50000 T 14 Jluee N
1268€°0— /ST0O00 0¢c100 ST¥00°0 71000 €6TT0°0 86€00°0 L 174 adA1 plim
09.T0°T— TTT00°0 ,0¢T0°0 1/€00°0 ¢/,000°0 900700 662000 6 8 1¢6 eJyond ejpIiuuy
a o} (SN) ©) (saus |fe) (SN) ©) (saus |fe) SIS RV (da) sa109ds
sewifel 0 0 0 p E L “Bes "ON yibua
‘ON UL

‘Bleulou| Sipasopldsy ul g sewife] 1oy

GO0 > d SPPIIpUI XSLBISY 'Sazis a|dwres abfe| yiim sa10ads 10} Ajuo salis Jusdelpe usamiaq parew 1se si (D) sewwered uoifeuiquodal uoirendod sy ‘serewise alis Jad ale
0 pue L ‘Aprelredss sa1is (SN) snowAuouisuou pue (S) SNOWAUOUAS 10} pue pauiquiod sais |fe Jo) pajuasald are (p) wsiydiowAjod spnosjonu pue (L) AlisioAlp apnoaonu Jo
sJorew 1s3 'sdnoJb | Jo} paluasald si salis Buirebalbes jo JaquinN Apretedss ydiow 10j0d yoes 1o} uayl pue pauiquiod sajdwes | o) pajussald 1Si1) afe sarew1se ‘saloads
yoea 104 'S[enpIAIpUl JO Jaquinu 8y} 821M) 9409J8U] S| pue Sap|fe Jo Jagqunu Sse UaAIB S1 azis ajdwes 'sa|idaJ ulyiim JTIN e uoirelieA Jo suleied oyloadsenu| '€ 31av]



1802

(Table 3). Larger populations are expected to exhibit less
linkage disequilibrium and thus higher values of C. These
estimates are based on haplotypes that have been resolved
computationally (rather than experimentally) and thus may
contain some error. Nonetheless, the average value of 4N
from each color morph is 0.0994, a value considerably larger
than in humans (e.g., Przeworski and Wall 2001). If we as-
sume that recombination rates are similar in reptiles and
mammals (roughly 10-8 per site), then patterns of linkage
disequilibrium at Mc1r in our data suggest an average long-
term population size of approximately 108 for each of the
color morphs of S. undulatus, H. maculata, and A. inornata
(Ne = [0.0994]/[4 X 10-8] = 2.4 X 106). While these two
estimates of N, differ by a factor of ten and are necessarily
rough, both values are substantially larger than seen in mam-
mals.

Patterns of nucleotide variation within species are largely
consistent with a neutral model of molecular evolution, with
a few exceptions. The distribution of alele frequencies at
Mclr as reflected in Tajima's D is generally consistent with
neutral expectations for each species (Table 3). With the
exception of Tajima’'s D for the total sample of A. inornata
(discussed below), none of the other values differ signifi-
cantly from the neutral expectation of zero. We compared
the ratio of nonsynonymous to synonymous changes within
and between species for the three species with the largest
sample sizes (S. undulatus, H. maculata, A. inornata) using
the McDonald-Kreitman test. We conducted three tests: (1)
polymorphism within S. undulatus compared to S. undulatus—
H. maculata fixed differences; (2) polymorphism within H.
maculata compared to H. maculata—S. undulatus fixed dif-
ferences; and (3) polymorphism within A. inornata compared
to A. inornata—A. pulchra fixed differences. The three intra-
specific ratios are similar to one another and to the ratios
observed between species, providing no evidence of selection
on Mclr (intraspecific nonsynonymous/synonymous.inter-
specific nonsynonymous/synonymous test 1 6/12:10/29, FET
P > 0.05; test 2 3/19:10/29, FET P > 0.05; test 3 1/3:75/
99, FET P > 0.05). These tests were also performed using
divergence values corrected for multiple substitutions (Jukes
and Cantor 1969), and the results were unchanged. We per-
formed three HKA tests with the same set of taxa, comparing
variation at Mclr to ND4 within and between species (Mclr
polymorphism/divergence:ND4 polymorphism/divergence 1
22/52: 25/153, 2 18/52:44/153, 3 4/181:11/266). Tests 1 and
2 are not significant (P > 0.05 for each), however test 3,
comparing polymorphism within A. inornata to A. inornata—
A. pulchra divergence, is highly significant and reveals a
lower ratio of polymorphism to divergence at Mclr compared
toND4 (HKA x2=17.1, P < 0.01). HKA testsfor A.inornata
are significant for the entire sample and for both blanched
and wild-type samples. HKA tests were performed with and
without corrections for multiple substitutions and the results
were the same.

Association Studies

Comparisons between Mcl1r genotype and color phenotype
are shown in Figure 4 for each of the seven species. In the
initial screen, no association between Mclr and color was

ERICA BREE ROSENBLUM ET AL.

observed in A. pulchra, P. platyrhinos, U. stansburiana, or
T. sirtalis, ruling out Mclr as a strong contributor to the
pigmentation differences in these species. In each of these
species, Mclr polymorphisms are observed, so the absence
of an association is not due to lack of variation. In S un-
dulatus, H. maculata, and A. inornata, an association between
Mclr genotype and color was initially detected.

After increasing the sample size in S. undulatus, we ob-
served a weak association between color and an amino acid
polymorphism at site 208 (Fig. 4). Although this association
is significant using a Fisher’s exact test (N = 36, FET P <
0.001), homozygous histidine and heterozygous histidine/ty-
rosine individuals are found in both wild-type and blanched
populations. This suggests that Mc1r does not play a simple
role in S. undulatus color variation, if any role at all.

With increased sample sizes, associations between Mclr
genotype and color remained strong and highly significant
for both A. inornata (N = 39, FET P < 10-7) and H. maculata
(N = 38, FET P < 107). In H. maculata, one transition at
nucleotide site 502 is strongly associated with color differ-
ences. At this position, 14 of 15 wild-type samples are ho-
mozygous G/G, while one is heterozygous A/G. Twenty-one
of 23 blanched individuals are homozygous A/A and two are
heterozygous A/G. This polymorphism leads to a conserva-
tive amino acid change at position 168, in the fourth trans-
membrane domain, of valine to isoleucine. This site is oth-
erwise invariant in al reptiles (fixed for valine), but is fixed
for isoleucine in mammals (Fig. 2).

In A. inornata, a polymorphism at nucleotide position 509
is strongly associated with color phenotype. All 15 wild-type
individuals are homozygous C/C at this site, and 23 of 24
blanched samples are homozygous T/T or heterozygous
T/C. Eighteen blanched individuals are homozygous for this
change, and five are heterozygous. This C-to-T transition
results in a polarity-changing amino acid substitution at ami-
no acid position 170, in the fourth transmembrane domain,
from threonine to isoleucine. This site is not conserved
among other reptiles or among mammals (Fig. 2); in reptiles,
alanine, valine, threonine, and isoleucine residues are ob-
served in different species.

For the two species for which Mclr genotypes were strong-
ly associated with color, A. inornata and H. maculata, Fst
was calculated for both Mclr and mtDNA (Table 4). Levels
of mtDNA variation are presented in Table 5. For H. ma-
culata, mtDNA Fgr calculations were based on 797 bp of
NDA4 for 15 wild-type and 24 blanched samples. In thistaxon,
sampling localities for which mtDNA datawere not available
were removed from the Mclr dataset, leaving 11 wild-type
and 12 blanched individuals for estimating Mclr Fgr. For H.
maculata, Mclr Fgr = 0.63 and mtDNA Fgr = 0.94. For A.
inornata, MtDNA Fgr calculations were based on a 779-bp
fragment of ND4 sequenced for 11 wild-type and 18 blanched
individuals. In this taxon, Mclr Fst = 0.64 and mtDNA Fgr
= 0.09 with nonoverlapping confidence intervals. These re-
sults suggest that there may be substantial population struc-
ture in H. maculata but not in A. inornata.

Patterns of linkage disequilibrium at Mclr in A. inornata
are noteworthy. There is only a single haplotype associated
with isoleucine at amino acid site 170, while there are at | east
four haplotypes associated with the alternative residue (thre-
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TaBLE 4. Fgr for Mclr and ND4 for Holbrookia maculata and Aspidoscelis inornata.

Mclr ND4 Mc1lr ND4
Sequence Sequence Sample Sample Mclr ND4
Species length (bp) length (bp) size size Fsr Fsr
H. maculata 948 797 23 39 0.63067 0.94118
A. inornata 945 779 39 29 0.63901 0.09000

onine) at this position. This is reflected in the estimates of
AN in Table 3: no recombination is observed within the
blanched (derived) color morph, while considerable recom-
bination is observed within the wild-type (ancestral) color
morph. For the blanched alleles, nucleotide position 509
(which corresponds with amino acid site 170) is in statisti-
cally significant linkage disequilibrium with sites 261 (P <
0.001) and 549 (P < 0.005). No linkage disequilibrium is
observed in the wild-type alleles.

Discussion

We have documented interspecific and intraspecific pat-
terns of molecular evolution at Mclr and conducted associ-
ation studies between Mclr genotype and color phenotype in
seven reptile species with distinct color morphs. Interspecific
comparisons reveal similar patterns of functional constraint
at Mclr in reptiles and mammals. Intraspecific comparisons
show abundant nucleotide variation at Mc1r across all seven
squamates, and deviation from neutral expectations consis-
tent with selection in A. inornata. Association studies reveal
a strong association between genotype and color for A. in-
ornata, and no evidence for population structure using
mtDNA. We discuss each of these points in detail below.

Interspecific Molecular Evolution

At present we know very little about the genetic basis of
pigmentation in reptiles, but there are several reasons for
suspecting that at least some genes and pathways are con-
served across vertebrates. Several pigmentation genes from
mammals have clear orthologs in both birds and fish, and
thusitislikely that they will also be present in reptiles (Kelsh
et al. 1996; Camacho-Hubner et al. 2002; Logan et al. 2003).
At the cellular level, similar cell types are found in mammals
and reptiles and appear to have similar function; both groups
possess pigment-producing cells derived from neural crest
tissue that form pigment granules in specialized organelles
(Bagnara and Hadley 1973). These overall similarities sug-

TaBLE 5. Patterns of ND4 variation for Holbrookia maculata and
Aspidoscelis inornata. Gene length, number of individuals sampled,
and number of segregating sites are presented. Nucleotide diversity
() and nucleotide polymorphism (6) are shown for all sites.

Gene Sample Segregating T 0

Species length (bp) size sites (all sites) (all sites)
H. maculata 797 39 29 0.01243 0.00772

Wild type 15 1 0.00017  0.00039

Blanched 24 8 0.00218 0.00269
Aspidoscelis

inornata 779 29 11 0.00170 0.00360

Wild type 11 6 0.00159 0.00263

Blanched 18 6 0.00165 0.00224

gest that a candidate-gene approach using mammalian or-
thologs may be a useful way to study the genetic basis and
evolution of pigmentation in reptiles. This study represents
a first attempt to isolate pigmentation genes in reptiles and
demonstrates the feasibility of this approach.

Patterns of molecular evolution suggest that reptilian and
mammalian Mclr display similar levels of constraint and
therefore may share a conserved function. Sliding window
analysis (Fig. 3) as well as measures of K,/Kg for different
regions of the receptor (Table 2) both reveal a close corre-
spondence between rates of evolution across the Mclr gene
in mammals and reptiles. In both groups, transmembrane do-
mains and intracellular regions, which are essential for sig-
naling, are highly conserved. The first extracellular region is
most variable (both in terms of amino acid substitutions and
insertions/del etions), suggesting less functional constraint for
thisregion. Overall rates of protein evolution relativeto silent
substitution rates (Ka/Kg) for Mclr are nearly identical in
mammals and reptiles, and we find no evidence for positive
directional selection in this analysis.

It isimportant to recognize that the K 5/K 5 val ues observed
for Mclr, which are very close to typical values for other
genes and provide no evidence for positive selection, do not
exclude the possibility that some changes at Mclr are adap-
tive. For example, in mammals, overall K,/Kg values are
well below one in interspecific comparisons, yet there is
strong evidence within one species of pocket mouse that sev-
eral amino acid changes at Mclr are responsible for an adap-
tive color difference (Nachman et al. 2003). Thus, while our
data suggest that Mclr does not display a long history of
strong positive selection, this does not preclude the possi-
bility that individual amino acid changes are responsible for
adaptive color differences among populations within species
or between closely related species.

Intraspecific Patterns of Variation

Mclr displays substantial levels of nucleotide variation in
all seven squamate species. Remarkably little is known of
the amount or distribution of nucleotide variation within pop-
ulations for nuclear genes outside of afew model organisms.
In Drosophila melanogaster, the average level of silent-site
heterozygosity is approximately 10-2, and assuming per-site
mutation rates of approximately 10-8, suggests population
sizes on the order of 10°-10° (e.g., Moriyama and Powell
1996; Aquadro et al. 2001). In humans, the average level of
nucleotide diversity (w = 10-3) is at least one order of mag-
nitude lower than in D. melanogaster and N, has been re-
peatedly estimated at approximately 104, assuming mutation
rates of 2 X 108. In both species, there is substantial variation
in levels of heterozygosity among different genes. In humans,
Mc1r has been studied in several different populations (Rana
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et al. 1999; Harding et al. 2000), and the observed level of
nucleotide diversity differsin different populations, ranging
from 0.03% to 0.20%. Although nonmodel species have been
less well studied, a recent estimate of nucleotide diversity
for two passerine birds was approximately 0.25% (Primmer
et al. 2002).

Here we provide some of the first estimates of nucleotide
diversity for nuclear genes in reptiles and compare levels of
variation among vertebrate species. Strikingly, the lowest
levels of nucleotide variability observed at Mclr in squamates
are substantially higher than the highest levels observed in
humans, mice, or birds. The average level of silent-site nu-
cleotide diversity at Mclr in squamates is approximately 1%,
or 10 times the average value in humans. This could be due
to pooling of genetically diverse populations, a high mutation
rate, large long-term population size, or some combination
of these factors. Comparing among the seven squamate spe-
cies, higher levels of nucleotide diversity correspond to
broader-scal e geographic sampling (Table 1). However, high
levels of nucleotide diversity are not entirely explained by
population subdivision as  is still large when calculated for
each color morph separately. Variation within color morphs
does not appear to be structured by locality, although pop-
ulation structure in the recent past could have contributed to
the high observed levels of variability. We are unaware of
any direct measures of mutation rates at nuclear genes in
reptiles, although a rough constancy of the molecular clock
for several vertebrate genes (e.g., Kumar and Hedges 1998;
Hedges and Kumar 2003) suggests that mutation rates may
not be substantially different. If that is the case, the data
presented here suggest that the squamates surveyed may have
large long-term effective population sizes compared to mam-
mals. This idea also receives support from the low levels of
linkage disequilibrium observed in our data and correspond-
ingly high levels of the population recombination parameter
(Table 3). The possibility that squamates have large effective
population sizes warrants further exploration as nuclear data
from reptile populations become available.

In general, the distributions of allele frequencies at Mclr
in the different species are consistent with a neutral, equi-
librium model of evolution. The distribution of Tajima’'s D-
values in Table 3 is noteworthy for its similarity to the ex-
pected null distribution. Indeed, we have performed 21 tests
and observed one that is significant, exactly the expected
number of significant tests with an « = 0.05. Given the small
number of segregating sites and small sample sizes, caution
iswarranted in interpreting these results because thereislittle
power to reject the null hypothesis using Tajima's D with
small samples (Simonsen et al. 1995). Nonetheless, several
of our samples are reasonably large (S. undulatus and H.
maculata) and provide no evidence of an excess of either rare
alleles or an excess of intermediate-frequency alleles, as may
be expected following a popul ation expansion or contraction,
respectively. The ratio of nonsynonymous to synonymous
changes within and between speciesis consistent with neutral
expectations for S. undulatus, H. maculata, and A. inornata
(McDonald and Kreitman 1991), as is the ratio of polymor-
phism to divergence between Mclr and ND4 for S. undulatus
and H. maculata (Hudson et al. 1987). The HKA test reveals
a significantly reduced ratio of polymorphism to divergence
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at Mclr compared to ND4 for A. inornata; however, thisis
not due solely to reduction of nucleotide variability among
the blanched alleles. Thus, the only evidence for selection
on Mclr isseen in A. inornata and includes a significant skew
in the frequency distribution of alleles. This observation is
consistent with a functional role for Mclr in the color dif-
ferences in this species, as described below.

Association Studies

Association studies reveal significant associations between
Mclr genotype and color phenotype in three of the species
studied: S undulatus, H. maculata, and A. inornata. In S
undulatus, although the association is statistically significant,
it is not particularly strong or consistent with a simple role
for Mclr (Fig. 4), and we did not pursue it further. In both
H. maculata and A. inornata, the association is nearly perfect
and highly significant (Fig. 4).

Results from association studies must be interpreted in
comparison with patterns at putatively neutral loci to deter-
mine if the gene of interest is spuriously associated with the
phenotype of interest as a consequence of population sub-
division. We investigated this possibility by comparing Fsr
for Mclr with Fgr for the mitochondrial gene ND4 in each
species. Although mtDNA may show nonneutral patterns of
evolution (Nachman et al. 1996; Nielsen and Weinreich
1999), there is no a priori reason to suspect differential se-
lection on ND4 among populations of different color morphs.
For this data set, Tgjima' s D-values calculated for mtDNA
within color morphs do not show significant departures from
neutrality.

For H. maculata, Fst at ND4 shows a highly subdivided
population. Because mitochondriaare maternally transmitted,
estimates of population subdivision based on mtDNA can be
elevated if females are more philopatric than males. Home
range size for H. maculata males in New Mexico may be
somewhat larger than for females (0.10 ha vs. 0.06 ha; Gen-
naro 1972); however, thereis no evidence for dramatic male-
biased dispersal in H. maculata. This suggests that Mc1r dif-
ferences between color morphs in this species may be ex-
plained by population structure rather than a functional
association between genotype and phenotype. Although Mc1r
could still play arole in color variation in H. maculata, as-
sociation studies on this geographic scale are unlikely to
resolve the issue. Unfortunately, finer-scale sampling may
not be possible because there are gaps in the distribution of
this species across the landscape.

In contrast, Fgr calculated for ND4 in A. inornata reveals
a nearly panmictic population, while Fst for Mclr shows
significant differences among color morphs. At face value,
this lends support to the hypothesis that Mc1r isinvolved in
color variation in this species. However, mitochondrial and
nuclear discordance can arise in several ways as has been
documented in other species (e.g., Patton and Smith 1994).
For example, it is possible that the two color morphs are well
differentiated at most nuclear loci but that there has been
recent introgression and replacement of one mitochondrial
type into the other population. Sampling of additional nuclear
genes will help resolve the nature of genetic differentiation
between these color morphs.
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In addition to the strong association between Mclr and
color and the absence of evident population structure in these
samples of A. inornata, several other observations are con-
sistent with recent selection on Mclr and its role in A. in-
ornata color variation. First, the amino acid substitution at
position 170 is located in the fourth transmembrane domain.
Although this is not a specific residue known to affect color
in other species, transmembrane domains are generally highly
conserved, and a number of transmembrane mutations are
known to result in color change in other taxa (e.g., Ritland
et a. 2001; Theron et al. 2001). Second, Tgjima s D is sig-
nificantly positive in this species, and this is the only sig-
nificant deviation observed. Given the number of tests we
conducted, this result should be treated with caution. How-
ever, the deviation is clearly due to the excess of interme-
diate-frequency sites when the two color morphs are pooled,
including the single amino acid polymorphism and the sites
linked to it (Fig. 4). Third, there is a striking difference in
the level of linkage disequilibrium at Mclr in the blanched
color morph compared to the wild-type color morph (Table
3, Fig. 4). There is no significant linkage disequilibrium be-
tween any sites for the wild-type alleles; however, there is
significant linkage disequilibrium between three nucleotide
positions for the blanched sample. In fact, the isoleucine
residue at site 170 is associated with a single haplotype (T-
isoleucine-TC), while the threonine at this position is asso-
ciated with at least four haplotypes. This pattern is consistent
with recent selection driving the T-isoleucine-TC haplotype
to near fixation in the blanched sample. Notably, the ancestral
haplotype (T-threonine-TC) is present in the wild-type sam-
ple (e.g., CiW10, Fig. 4). The blanched phenotypeisbelieved
to be the derived phenotype, following the recent colonization
of these lizards into the geographically restricted habitat with
light-colored substrate.

Despite these observations, it is premature to claim that
Mclr is responsible for the observed color differencesin A.
inornata, for several reasons. First, we cannot rule out the
possibility of significant population structure at most nuclear
loci, with recent introgression of mtDNA across color
morphs. Second, the association is not perfect. Five individ-
uals are heterozygous at site 170 and present a blanched
phenotype. Known Mclr mutations in other animals can be
either completely or partially dominant, and the dark phe-
notype is always dominant over the light phenotype. These
five heterozygous A. inornata may be slightly darker than the
other blanched animals, but this was not obvious at the time
of collection. Spectrophotometric datawill be used to resolve
this question with increased sample sizes. Alternatively, pig-
mentation differences may be due to multiple genes, with
Mc1r contributing only a portion to the observed phenotypic
variation. Third, we cannot rule out the possibility that a
linked gene is responsible for the color variation, although
this seems unlikely given the low observed levels of linkage
disequilibrium in general in these taxa. A strong test of the
hypothesis that the 1170T mutation at Mclr is responsible
for color differences in A. inornata will be to compare the
activity of the wild-type and mutant receptor in an in vitro
assay (e.g., Robbins et al. 1993; Vage et al. 1997).

Our results implicate Mclr in color variation in only one
of seven species surveyed. Although it is difficult to rule out
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the involvement of Mclr in color variation in the other spe-
cies, our data certainly raise the possibility that different
genes may underlie similar phenotypes in different squa-
mates. The data presented here suggest that a candidate-gene
approach may continueto be useful for identifying the genetic
basis of color variation in natural populations of reptiles.
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